Active ,#-galactosidase (EC 3.2 
formed in rec-merozygotes containing a pair of mutations in the z gene of the lac operon. Contrary to expectation, with certain pairs of mutants this enzyme, upon dissociation, does not yield two independent polypeptides but only a single continuous protomer. Both genetic recombination and suppression have been ruled out as the source of this phenomenon. Therefore we believe we are observing the synthesis of one protein from two independently functioning genes.
In this paper we demonstrate, using the lactose operon, that a single continuous polypeptide can be synthesized with information coming from two independently controlled, unconnected DNA sequences. Before describing our results it is necessary to present some background material on the enzyme #-galactosidase (EC 3.2.1.23) and alterations produced by mutations in its structural gene.
BACKGROUND
Native fl-galactosidase of Escherichia coli consists of four identical subunits, each a polypeptide chain of molecular weight 135,000 (1, 2) . These four protomers can be dissociated by various agents such as urea and sodium dodecyl sulfate.
Urea dissociation is completely reversible; when 0-galactosidase is inactivated and precipitated by boiling, the native structure can be reconstituted by dialyzing the boiled protein against urea (3, 4) . The enzyme is stable within the bacterium (5).
The structural gene for fl-galactosidase lies in the lactose operon, which has been extensively studied (6). Various mutations that inactivate the enzyme occur within the structural gene for ,f-galactosidase, i.e., the z gene. The mutations of primary interest to us are those that result in production of polypeptide fragments (7) (8) (9) . Among these mutations are the "nonsense" mutations, which lead to premature termination of polypeptide synthesis. All nonsense mutations produce a polypeptide fragment extending from the normal N terminus to the point of the mutation. In addition, most nonsense mutants produce additional polypeptides starting at a reinitiation site within the gene and ending at the normal termination point (10) (11) (12) (13) . The quantity of reinitiation fragment produced differs widely from mutant to mutant.
For some nonsense mutants that are highly polar and produce small amounts of reinitiation fragment, it is possible to generate a new internal restart site that produces large amounts of reinitiation fragments by an additional mutation (10) . An important feature of most termination and reinitiation fragments is that they are highly unstable and are rapidly degraded in vivo (5 (Fig. 2) . The figure illustrates the size and decay of various fragments. By the use of episomes E. coli can be made diploid for a small region of its chromosome. This enables one to construct strains that have one z-mutation on the chromosome and a different z-mutation on the episome. These heterogenotes often produce active f-galactosidase, a phenomenon called intracistronic complementation (15) (16) (17) . Complementation can also be demonstrated in vitro, with purified proteins (16, 17) . It can even occur when one of the lel)tides is bound to a purified ribosome while the other is free in solution (18 be expected from the stability of the fragments. This result shows that formation of active enzyme by completnentation stabilizes the input fragments. During our study of z-gene mutant polypeptides we wished to purify and prepare them in large quantities. We thus decided to produce heterogenotes between pairs of mutations, one of which would supply a termination fragment and the other an overlapping reinitiation fragment. We planned to prepare the complemented enzyme from these diploids and then dissociate it into its constituent polypeptides, hoping in this way to greatly increase our yield of unstable material. This was the motivation for the following experiments. RESULTS We constructed, in a rec-background, heterogenotes between the nonsense mutants NG624, NG521, and NG200 on the chromosome and NG545-7r(1) on the episome. All of these produced f3-galactosidase activity. In order to study the nature of the polypeptides constituting the enzyme molecule, we prepared extracts from these cells, precipitated the ,3-galactosidase activity with antiserum, washed the antibodyantigen precipitate, and dissociated it in hot Na dodecyl sulfate buffer. This material was then placed on 10% Na dodecyl sulfate-polyacrylamide gels (19, 20 under O+ control and therefore totally repressible ( 
Strains were rec-with the exception of MuAT917, Mu8109, and Mu8155. Enzyme activity column: "+" indicates the presence of s-galactosidase activity. Fragments column: "+"I or "-" indicates the presence or absence of the nonsense (N.S.) or the restart (R.S.) fragment as seen on stained Na dodecyl sulfatepolyacrylamide gels; material in parentheses refers to the mutation donating the fragment; N.D. means not determined. d545-r is a double mutant. Protomer column: "+ +" indicates approximately the wild-type amount of the protomer; "+,"
indicates about 15-20%; "trace," less than 10% but a detectable amount of the wild-type protomer; "-" indicates absence of protomer. Cultures of the homogenotes and heterogenotes listed in the table were grown overnight and diluted 1/20 in 5 ml of LB broth with and without isopropylthiogalactoside. The cultures were incubated with shaking at 370 for 2 hr. They were centrifuged at 10,000 X g for 10 min, and the pellets were suspended in 1 ml of TM [10 mM Tris-HCl-1 mM Mg++ (pH 7.2)] buffer. ,-Galactosidase was assayed as described (3) . A 1/5o dilution of the suspension was used for measuring the absorbance at 550 nm.
Specific enzyme activity is A42o/A550 X time.
Of particular importance is the formation of spliced enzyme in heterogenotes in which one mutation is a donor of a reinitiation fragment and the other is a phage Mu-induced mutation (24) . It will be recalled that phage Mu inserts 25,000,000 daltons of its DNA into the E. coli chromosome, thus separating one end of a gene from the other. Table 1 also contains an example of a deletion mutation that complements well but does not form spliced protomer. Mechanism What is the mechanism by which this reaction takes place? DNA-DNA recombination has been ruled out as a mechanism, since splicing occurs in rec-backgrounds, both zoperons must function, and both are recoverable from the heterogenotes. Possibly splicing occurs by mRNA recombina- The reinitiation fragment, containing the normal C terminus, is thickened to distinguish it from the fragment that contains the normal N terminus. In this mechanism the polypeptides specified )y the two z-mutants are synthesized to completion (A). After completion of their synthesis, these two fragments form a multimeric protein (B). This protein has nearly the tertiary structure of a normal protomer but has excess polypeptides which hang out. (C) Result of the action of exopeptides on the structure of B. The structure of the normal protomer is now accurate except that a single peptide bond is missing. (D) The missing bond has been formed by an enzyme, "protein ligase." tion. We can think of no plausible mechanism that would explain the mutant specificity for such recombination, and we consider an explanation of splicing based on mRNA to be a remote possibility.
Much more likely, we feel, is that splicing occurs at the level of polypeptide synthesis or between completed polypeptide chains. Here the tertiary structure of the native protomer would supply the information for specific joining. We have in mind two specific ways in which splicing could occur. The first is illustrated in Fig. 4 . In this mechanism the polypeptides produced by the two z-mutant operons are synthesized to completion. They then form a multimeric protein, which has nearly the tertiary structure of a normal protomer, but has excess polypeptides which hang out. Exopeptidases act on the multimeric protein producing a normal protomer with an accurate structure except for a single missing peptide bond. We envision that the exopeptidases would stop acting when the structure of a normal protomer is formed, since the ends would fit neatly into the structure and thus become unavailable for further proteolytic action. In Fig.  4D the single peptide bond has been formed by an enzyme which might be called "protein ligase." The mechanism described in Fig. 4 requires two kinds of enzymes for its successful completion, exopeptidases and protein ligase.
The mechanism shown in Fig. 5 also uses the tertiary structure of the native protomer as its source of specificity, but uses the normal polypeptide-synthesis system to form the peptide bond. In Fig. 5A , the restart fragment containing the normal C terminus has been completed. However, the nonsense terminator fragment containing the N terminus is still ribosome bound; it has not been synthesized up to the point where there is any overlap with the restart fragment. Proc. Nat. Acad. Sci. USA 70 (1973) One Protein from Two Genes 2973
The restart fragment and the nascent growing termination fragment interact on a ribosome, forming the native protomer structure containing a gap, which represents that part of the N-terminal fragment that has not yet been synthesized. Synthesis continues until all the amino acids necessary for a native protomer are present. At this point only one peptide bond needs to be made in order to construct a native protomer. We conceive of this bond being formed by the normal polypeptide-synthesis system. The only difference from the usual situation is that the amino acid to which the bond is transferred is not held by a second tRNA but is the N terminus of the restart fragment fixed in position by the tertiary structure of the protomer. This mechanism using ribosome-bound interaction between the two polypeptide fragments has the feature that it requires no new enzymes. That interaction between fragments can occur on ribosomes has been demonstrated by the occurrence of complementation on ribosomes.
The data we have presented here show clearly that information from two unconnected, independently controlled copies of the z gene can end up in the same continuous polypeptide chain, without genetic recombination. We do not know what significance this splicing is to bacteria or other organisms. It is, however, reasonable to surmise that it will have some significance in various biological systems. One possibility is the synthesis of antibodies. A variable and a constant region, which may be specified by unlinked genes, end up in the same continuous polypeptide chain of immunoglobin (25) (26) (27) (28) . The system we have described in bacteria could possibly serve as a model for synthesis of immunoglobin. We are of course aware that some evidence interpreted against our hypothesis exists (30, 31).
